Neste trabalho foi desenvolvido um método eficiente para a síntese de selenetos de diorganoíla e β-seleno aminas empregando Zn, quantidades catalíticas de ZnO nanoestruturado e líquidos iônicos (LI) como solventes recicláveis. Este sistema ZnO/LI apresentou alta eficiência nesta transformação, levando à formação dos produtos desejados em bons rendimentos.
Introduction
The attention gained by organoselenides has been driven by the potential applications of selenium compounds in modern organic syntheses and asymmetric catalysis. 1, 2 Their importance stems from the prevalence of C-Se bonds in compounds with biological and pharmaceutical impact, e.g., selenocarbo-hydrates, 3 selenoamino acids 4 and selenopeptides. 5 This class of molecules performs multiple therapeutic functions of great importance, for example, in antiviral to anticancer agents and in a variety of situations where free radicals are involved. 6 Organoselenium compounds are important synthetic intermediates, and the formation of symmetrical and unsymmetrical diorganyl selenides is an area of intense research. In general, diselenide bond cleavage is carried out employing common reducing agents and expensive metal sources, as depicted in Scheme 1. 7, 8 Furthermore, reductive cleavage achieved by CsOH, 7 ArB(OH) 2 /CuI 8 and photochemical reactions 7 has been reported in a substantial number of previous studies.
Reactions catalyzed by transition metal complexes have made a great contribution to the recent advances in relation to the cross-coupling reactions of diaryl diselenides with aryl halides. [9] [10] [11] [12] However, most of the methods available to synthesize diorganyl selenides have serious disadvantages including: i) the use of expensive metal sources and Chem. Soc. 2080 reagents such as La, Yb, In, InI, and SmI 2, etc.; ii) handling difficulties; iii) functional group incompatibility; iv) difficult work-up procedures; v) harsh reaction conditions, such as the use of strong acids or bases and vi) high temperatures or long reaction times. Thus, there is still considerable interest in the development of highly efficient methods for this transformation. 13 Designing new specific catalysts and exploring their catalytic activity can have significant effects on optimizing the efficiency of a wide range of organic synthesis techniques, and has resulted in more economical and environmentally-friendly chemical processes through the replacement of nonselective, unstable or expensive catalysts.
Nanotechnology is an emerging approach towards synthetic organic chemistry, particularly the area of nano-catalyzed organic transformations. Nano-catalysis can be considered as a bridge between homogeneous and heterogeneous catalysis. Because of the nano-size, i.e., high surface area, the contact between reactants and catalysts increases dramatically and the latter can operate in the same manner as homogeneous catalysts (close to homogeneous catalysis). Also, due to their insolubility in the reaction solvent, they can be easily removed from the reaction mixture. Thus, nano-materials can combine the advantages of both systems and can offer unique activity with high selectivity. The recent availability of various high-purity metal oxides in nanoscale has allowed the improvement of cross-coupling reactions catalyzed by transition metal nanoparticles in the presence of a base. For this reason, significant progress has been made in this area [14] [15] [16] [17] [18] [19] and, as a result of their high catalytic activity, transition metal nanoparticles have been widely used as catalysts for organic synthesis. In spite of the effectiveness of these methods, the requirements of high temperatures, 20 high catalyst loadings and specially designed ligands has prompted a search for new methods.
Ionic liquids (ILs) are organic salts with a low melting point, composed solely of cations and anions, which makes them highly tunable for specific applications. 21, 22 These ILs properties have a large number of applications. Moreover, ILs have received considerable attention due to their ability to serve as effective reaction media for a wide range of organic reactions and other applications in chemistry. 23 By modifying the structure of the cations or anions of ionic liquids, their properties can be tuning in order to perform certain reactions.
On account of these aspects and in connection with our ongoing interest in the synthesis and evaluation of organochalcogen derivatives, 24 our group has focused on the use of ionic liquids as mild and recyclable media, and on the use of metal oxide nanoparticles for the effective synthesis of unsymmetrical diorganyl selenides.
Results and Discussion
We recently reported an eco-friendly cross-coupling of diaryl diselenides with aryl and alkyl bromides catalyzed by CuO nanopowder in an ionic liquid (Scheme 2). 25 Some previous protocol reported in the literature for the synthesis of diaryl selenides using CuO nanoparticles 15 has some shortcomings, such as long reaction times and high temperatures, limiting the scope of the reaction to substrates that can withstand these harsh reaction conditions. Moreover, the use of solvents such as DMSO is undesirable from an environmental point of view.
With the use of an ionic liquid instead of DMSO as the solvent, the conversion rates were accelerated and higher yields were obtained. The developed methodology offers a clean, eco-friendly, inexpensive and efficient approach to obtaining diaryl or alkyl aryl selenides from alkyl or aryl halides with diaryl diselenides using CuO nanopowder in an ionic liquid. In the search for a 'greener' protocol, the recyclability of ILs was studied. After the work-up, the catalyst CuO nanopowder was removed from the BMIM-BF 4 by filtration and the recovered ionic liquid was used again for the next coupling reactions. This operation was repeated at least three times without significant loss of efficiency, as shown in Figure 1 .
The features of this method include the following: (i) use of easily accessible alkylating agents; (ii) use of low catalyst loads; and (iii) use of a recyclable solvent. 21, No. 11, 2010 Moreover, CuO nanoparticles (NPs) have been employed as a mediator, as an efficient and recyclable catalyst for cross-coupling reactions of organic diselenides with aryl boronic acids (Scheme 3). 26 Generally, this kind of reaction involves particularly specific ligands which limiting the scope of potential applications.
These ligand-free cross-coupling reactions of organic diselenides with aryl boronic acids using a catalytic amount of CuO nanoparticles in DMSO at 100 0 C under air atmosphere afford the corresponding products in good to excellent yields. The catalyst can be easily recovered and utilized for further catalytic reactions, as depicted in Figure 2 .
A more complex challenge in organoselenium chemistry is the development of new methods for the introduction of selenium-containing groups into organic molecules, particularly in a stereo-controlled manner. Due to the potentially synthetic importance of chiral β-seleno amines, particularly given the biological activity of selenocysteine and their derivatives, some approaches aiming at their synthesis have been documented in recent years. 4 In general, the synthesis of chiral β-seleno amines and selenocysteine derivatives has been carried out through aziridine ring opening, though the procedures often require basic or acid reaction conditions and the use of organic solvents which are undesirable from an environmental point of view (Scheme 4). 27 In the search for an effective, mild and reusable reaction medium and in connection with our ongoing research, we combined here the introduction of a selenium-moiety in a stereoselective way with the use of a new and innovative ZnO 28 nanopowder in ionic liquid. A series of β-seleno amines were synthesized from N-protected β-amino mesylates mediated by Zn in ionic liquid catalyzed by ZnO nanoparticles, as shown in Scheme 5.
In an attempt to optimize the protocol and increase its efficiency, several components were studied in order to understand the influence of the different variables on this reaction. In a first set of experiments, we studied the influence of different ionic liquids (Figure 3 ).
For this, a standard condition was employed: β-amino mesylate 1a (2.0 equiv.) was treated with diphenyl diselenide (1.0 equiv.) in the presence of 10 mol% of ZnO nanopowder and commercially available Zn dust (1.6 equiv.) in ionic liquid (0.5 mL) for 2 h, under room temperature. The results are summarized in Table 1 . b Recovered catalyst used. Yields are given for isolated products.
Scheme 4.
Synthesis of chiral β-seleno amines from aziridine ring opening. It can be observed in Table 1 that the desired product was obtained in all ILs, and that BMIM-BF 4 is the best solvent for this reaction affording the respective compound 2a in 87% yield (entry 1).
The amount of Zn and catalyst ZnO (nano) required to promote the reaction was also studied. Reactions with 1.6, 1.2 and 1.0 equiv. of zinc showed similar results, leading to the product in excellent yields ( Table 2 , entries 1-3).
We found that the amount of ZnO nanopowder influenced the product formation. No significant difference was observed using 10.0 or 3 mol% of ZnO nanopowder, affording the product in similar yields (87 and 84% respectively, entries [1] [2] [3] [4] [5] . However, when the amount of ZnO nanopowder was decreased to 2 mol%, the desired product was obtained in lower efficiency, yielding 71% (Table 2, entry 6). In the absence of ZnO nanopowder the yield was only 49% (Table 2, entry 7) and no product was observed in the absence of Zn (Table 2, entry 8). Thus, a combination of Zn dust and ZnO nanopowder is an effective system for this reaction, increasing significantly the yields.
The effects of the leaving and the N-protecting groups on the starting materials were then investigated, as shown in Table 3 . L-phenylalaninol derivatives (mesylate and tosylate) were employed as standard amino alcohol derivatives and different protecting groups (Boc and Ts) were used in order to check their influence on the course of the reaction.
It was verified that the reaction was not strongly affected by these variables, as can be seen in Table 3 . For instance, when tosylate was used as the leaving group, the respective β-seleno amines were obtained in good yields, regardless of the N-protecting group (Table 3 , entries 3 and 4). Although the effect of the leaving group was not so pronounced, it was observed that mesylates afforded slightly better yields than tosylates (Table 3 , entries 1 and 3). These results show the versatility of this methodology, allowing the efficient conversion of the respective compound 1 with different leaving groups (mesylates and tosylates) to chiral β-seleno amines applying a mild and effective protocol.
The optimization process revealed that the best combination for the synthesis of chiral β-seleno amines is 0.5 equiv. of diaryl diselenide, 1 equiv. of the mesylate 1, 3 mol% of ZnO nanopowder, 0.5 equiv. of Zn dust and 0.5 mL of BMIM-BF 4 at room temperature.
The next step was to extend the methodology to a variety of chiral β-seleno amines from β-amino mesylates derived from L-valine, L-leucine and L-isoleucine, as summarized in Table 4 .
Analyzing the Table 4 , it was possible to verify that the "R" group derived from the corresponding amino acids had no significant effect on the course of the reaction, affording the desired chiral β-seleno amines in similar yields (Table 4 , entries 1-6). 21, No. 11, 2010 In the case of the R 1 group from diselenide, the presence of an electron donating or withdrawing group (methyl and chloro, respectively) attached to the aromatic ring influences the course of the reaction. For instance, the presence of the electron withdrawing chloro atom allowed the desired product 2i to be obtained in high yield (91%). On the other hand, the electron donating methyl group afforded the product 2j in more moderate yield (85%) ( Table 4 , entries 7 and 8). These results could be rationalized due to the Se-Se cleavage in the p-chloro diselenide occurring more easily in the formation of the selenolate in the former case.
To check the scope of our methodology, we subjected the developed protocol to a more complex system. A biologically active selenocysteine 4 derivative was synthesized from the corresponding β-amino mesylate. The reaction afforded the product in 78% yield, showing the versatility of the methodology in the presence of more complex functionalities (Scheme 6).
As reported in a previous publication, Zn dust is able to reduce PhSeSePh, allowing the formation of the reactive zinc selenolate, PhSeZnSePh. 21 This active specie would enable the formation of the desired product. Although an improved yield was observed on using the ZnO catalyst, the precise reason for this behavior is still an intriguing subject of study. The Lewis acid ability of ZnO is well established in the literature 29 and this may lead to an increased leaving group ability of the respective mesylates, enhancing the reaction process and affording the desired products in more effective yields.
An important feature of ionic liquids is that they can be reused and this aspect was thus verified in this study. The data shown in Figure 4 illustrate that the medium could be reused at least three times without appreciable loss of efficiency in the synthesis of chiral β-seleno amines. Another attractive feature of this protocol would be the recovery of the ZnO. However, unfortunately, all attempts in this respect failed due the contamination of the catalyst with the Zn dust.
In summary, herein we have described an efficient, mild, and high yielding methodology for the preparation of chiral β-amino selenides from the corresponding β-amino mesylates and tosylates. The products were obtained by employing different amino acid moieties and protecting Transition Metal Oxide Nanopowder and Ionic Liquid J. Braz. Chem. Soc. 2084 groups. The use of BMIM-BF 4 led to a higher performance, with the advantage that it can be reused in up to three successive runs.
The combined use of ionic liquids and metal oxide nanoparticles for the synthesis of organoselenium compounds offers great potential for rapid and easily accessible developments in this area, due to the efficient, economical and easily performed operations. Intensive studies in this area are in progress in our laboratory.
Experimental

General procedures
1 H and 13 C NMR spectra were recorded at 200 and 400 MHz, respectively, with tetramethylsilane as the internal standard; chemical shifts given as ppm. Column chromatography was performed using Merck Silica Gel (230-400 mesh). Thin layer chromatography (TLC) was performed using Merck Silica Gel GF 254 , 0.25 mm thickness. For visualization, TLC plates were either placed under ultraviolet light, or stained with iodine vapor, or vanillin acid. All other solvents were used as purchased unless otherwise noted. C NMR spectral data of the compounds are identical to those previously reported. 4, 5, 27 General procedure for the preparation of N-protected amino mesylate (1a-k) 30 A stirred solution of the appropriate N-protected amino alcohol (5 mmol) was dissolved in DCM (15 mL), followed by the addition of Et 3 N (1.2 equiv.), and the reaction mixture was kept at 0 °C. Mesyl chloride (1.2 equiv.) dissolved in 15 mL of DCM was then added dropwise over 30 min at 0 ºC and stirred for 2 h. After completion of the reaction, the solvent was evaporated and extracted with 5% NaHCO 3 (40 mL), ethyl acetate, and sat. NaCl and dried over MgSO 4 , which afforded the crude product. All products were recrystallized from EtOAc/hexanes and obtained as white fluffy crystals.
General procedure for the synthesis of 2a-k
In a Schlenk flask, under argon atmosphere, diselenide (0.5 mmol) and Zn (0.5 mmol) were stirred in BMIM-BF 4 (0.5 mL) at room temperature for 1-2 min. The mesylate 1 (1 mmol) and 3 mol% of ZnO nanoparticles were then added and stirred for 2 h at room temperature. After completion of the reaction (monitored by TLC) the β-seleno amines were extracted from BMIM-BF 4 using Et 2 O (3 × 10 mL) and dried over MgSO 4 . The solvent was then removed, yielding the crude products 2a-k, which were purified by column chromatography.
Representative experimental procedure for BMIM-BF 4 reuse
After the work-up of the first run, BMIM-BF 4 was diluted in ethanol and filtered through a Celite pad to remove the inorganic materials followed by concentration to remove the organic solvents, and subjected to vacuum conditions for one hour to eliminate the moisture and traces of organic solvents. For the following runs the recovered ionic liquid was used after addition of 0.5 equiv. of Zn, 0.5 equiv. of diphenyl diselenide, 1.0 equiv. of mesylate 1 and nano-ZnO (3 mol%). 80, 137.40, 132.43, 129.89, 129.10, 128.90, 128.16, 126.71, 126.20, 78.90, 51.42, 40.10, 32.50, 28. 07.
(S)-tert-
(S) 13, 136.79, 136.45, 132.92, 129.51, 129.24, 128.61, 127.29, 126.96, 126.72, 54.49, 40.29, 32.87, 54, 132.93, 129.05, 126.99, 79.10, 55.64, 32.41, 31.69, 28.33, 19.43, 19, 137.65, 133.07, 129.54, 129.15, 127.29, 127.05, 58.57, 31.64, 30.68, 21.49, 19.01, benzenesulfonamide (2f) 27 1 H NMR (400 MHz, CDCl 3 ): d 7.60 (d, J 8.4 Hz, 2H), 2H), 3H), 7.18 (d, J 8.4 Hz, 2H), 4.86 (d, J 8.4 Hz, 1H), 1H) 19, 137.65, 133.19, 129.52, 129.08, 127.23, 126.98, 51.54, 43.82, 34.65, 24.30, 22.76, 21.52, 21.43 . 98, 137.38, 134.19, 133.34, 129.31, 129.30, 128.53, 128.22, 126.61, 79.49, 51.63, 40.39, 33.18, 28.29. (S)-tert- 03, 137.64, 137.18, 133.40, 129.98, 129.38, 128.44, 126.47, 126.17, 79.33, 51.67, 40.48, 33.24, 28.31, propanoate (2k 90, 154.78, 133.52, 128.94, 127.35, 79.81, 53.07, 52.06, 30.48, 28.07. 
